qsp-Dynamic transfers of sodium, potassium and water into and out of the extracellular space were studied in 13 dogs during induced changes in blood pressure. The inulin space, measured after a a-hour equilibration period in the bilaterally nephrectomized animal, served as reference standard for the extracellular fluid. Infusions of norepinephrine, Pitressin and angiotonin were used as pressor, Isuprel and carbachol as depressor agents. In all instances, sodium, with variable amounts of water, moved out of the extracellular space during a rise in blood pressure and reversed during a fall. In general, potassium, in lesser bulk, moved inversely to sodium although it was more variable in degree and, in the case of angiotonin, did not change at all. These results accord with the theory that blood pressure regulation depends, inter alia, on the sodium transfer mechanisms.
T HAS BECOME increasingly clear that I sodium is involved in the problem of hypertension and probably in the ordinary regulation of the blood pressure. An overt disturbance in sodium metabolism has long been recognized as a factor in desoxycorticosterone-induced hypertension and more recently, in hyperaldosteronism. A covert disturbance has been revealed in several forms of experimental hypertension (I) as well as in hypertensive disease in man (2) by appropriate sodium tolerance tests. Along separate lines, using in z&o techniques, Tobian and Fox (3) have shown changes in the sodium and potassium content of arterial smooth muscle in acute and chronic blood pressure elevations.
It was with this background that we recently carried out experiments in the rat on the dynamic relations between cation transfers, especially sodium, and acute adjustments of the blood pressure (4. Using Pitressin and norepinephrine as dissimilar pressor agents we noted that sodium (and water) moved out of the extracellular phase during a rise in blood pressure while potassium, in lesser bulk, moved in. These shifts reversed during the subsequent return of blood pressure towards normal. Based on our interpretation of these findings, we presented the theory that peripheral vascular resistance depends on the 'sodium transfer systems' broadly defined, which govern the dynamic equilibrium between the entrance and extrusion of sodium, potassium and water in vascular smooth muscle.
This report presents evidence obtained in the dog which supports the general applicability of our theory. Norepinephrine, Pitressin and angiotonin were used as dissimilar pressor agents, Isuprel and carbachol as dissimilar depressor agents. A curve typical of the findings is It would obviously be simpler in future work shown in figure x:. In this and succeeding graphs to obtain information concerning cation shifts diastolic blood pressure is used as an index of without having to measure extracellular fluid peripheral vasoconstriction and plotted to-volume. Accordingly, the data for plasma Na gether with the calculated extracellular Na and K were examined in all the dogs in this and K.
METHODS
series. The simple estimation of plasma Na In this animal the amount of norepinephrine was an inconsistent index of Na movement was insufficient to sustain an elevation of since the decrease in sodium is partially masked diastolic blood pressure. The changing pattern by a movement of water in the same direction. of blood pressure was associated with cation For the same reason, K concentration alone shifts more interesting than in the other dogs usually does provide a good index of K movewhose blood pressure rise was sustained withments since the changeismagnified by theinverse out inflections. When norepinephrine was movement of water. This confirms our previous stopped, blood pressure fell precipitously.
observation that K changes are readily seen Gradually over the next 30 minutes it moved while Na changes, although greater in bulk, upwards. When the diastolic pressure had can only be evaluated if information concernrisen to 60 mm Hg an infusion of Isuprel (3 ing fluid exchange is also available. pg/kg/min.) was started and a small drop in Pitressin. Three experiments were carried pressure to about 40 mm Hg was obtained.
out. In the first, 12 mu/kg/min. was infused As shown in the figure, the calculated extra-for 20 minutes in the simplified procedure (i.e. cellular Na (inulin space X plasma Na) fol-no nephrectomy, no measure of inulin space). lowed the blood pressure as a mirror image. Sodium concentration dropped from 146.5 Calculated extracellular K tended to parallel mEq/l. to 143.8 mEq/l., while diastolic presthe blood pressure and was inverse to Na. As sure rose 40 mm Hg. Potassium concentration we have emphasized in dealing with the rat, rose slightly from 4.89 to 5.11 mEq/l. In the the amounts of Na involved were considerably second experiment, 50 mu/kg/min. was ingreater than those of K. Close inspection of fused for 17 minutes in the full procedure (i.e. figure I shows that the Na shifts may actually nephrectomy and inulin space determination). precede the blood pressure change. This is a Calculated extracellular sodium dropped from frequent observation, recurring in many of our 28.79 mEq/kg to 28.13 figure 2 .
At this higher dose the usual relations of cation and water shifts to blood pressure are readily appreciated and are even apparent in the sodium and potassium concentrations alone. Sodium fell from 147.2 to 141.7 mEq/l. while potassium rose from 4.7 to 5.9 mEq/l. As with norepinephrine, sodium moves *inversely and potassium parallel with the blood pressure.
Angiotonin. Two experiments were carried out. In the first, angiotonin was infused at a rate of 2 u/kg/min. for 20 minutes. The maximum rise in diastolic blood pressure was from 75 to 126 mm Hg, in general oscillating around 120 mm Hg during the infusion. This elevation was associated with clear sodium exchanges. The sequence of events in this animal is shown in figure 3.
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In the second experiment, angiotonin was infused at the rate of 4 u/kg/min. for 20 minutes. Despite the larger dose, a blood pressure response of the same order as in the first experiment was obtained. During a maximal rise in diastolic pressure from 90 to 126 mm Hg, extracellular sodium fell from 23.68 mEq/kg to 23.19 mEq/kg. During the return of blood pressure to normal following cessation of the infusion, extracellular sodium rose to 24.54 "Edkg.
In both experiments, no consistent change in potassium expressed either as concentration or as total extracellular potassium was observed. We have also noted this peculiarity of angiotonin in the rat, Isuprel. Nine experiments were carried out. In eight of these, Isuprel was the first agent infused; in one, shown as part of figure I, it was infused after norepinephrine. The complete procedure was carried out in all but two of the experiments. The doses used ranged from I to 5 pg/kg/min. except for one experiment in which the rate was gradually increased from 3 to IO pg/kg/min. The duration of infusion ranged from IO to 20 minutes. The results obtained were remarkably alike. A typical experiment is shown in figure 4 .
Again, the extracellular sodium curve is inverse, while the extracellular potassium curve is parallel to the blood pressure curve. Thus, apparently sodium is extruded from cells while potassium enters during the fall of blood pressure. Sodium reenters t,he cellular phase when the blood pressure recovers after cessation of infusion. Close inspection of the figure shows, as with norepinephrine, that the sodium shifts may actually precede the blood pressure change while potassium tends to lag somewhat. Again, the amounts of sodium involved are apparently larger than those of potassium. In the two simplified experiments the study of ionic concentrations alone did not give a satisfactory index of events.
Carbachol. Only one complete experiment was carried out with this acetylcholine analogue (carbamylcholine chloride, B.D .H.) . During this experiment, however, the drug was given twice and identical results obtained. These are in entire agreement with those found with the other agents. The dog used in this experiment was hypertensive at the beginning of the experiment so that the results must be accepted with some reservation. Carbachol, 40 pg, was given as a single intravenous injection. The results are shown in figure 5.
Carbachol produced a precipitous drop in blood pressure without change in Na or K during the 1st postinjection minute. From this, however, the pressure began to recover almost at once so that by the time the next blood sample was taken the pressure was already rising. Accordingly, the results measure sodium and potassium shifts during a rising blood pressure curve. As before, sodium movements were larger than those of potassium; the rising phase of blood pressure was accompanied by a fall in extracellular sodium and a rise in extracellular potassium. These shifts were easily discerned even in the plasma concentrations.
DISCUSSION
These experiments provide clear evidence that agents which affect the tonus of the peripheral vascular bed also cause significant transfers of sodium, potassium and water. A rise in blood pressure is accompanied by a movement of sodium out of extracellular fluid, a fall by the reverse. Water tends to move with sodium but the degree varies with each agent. Potassium usually moves inversely to and in lesser bulk than sodium, sometimes (as in the case of angiotonin) not moving at all. These results support and amplify our previous findings in the rat. They also agree, for norepinephrine, with those of Muirhead eiS al. (6) who studied this agent in the dog. Our doses of norepinephrine were IO-fold smaller than theirs and under these circumstances we did not find, as they did, that the simple estimation of plasma sodium and potassium is a reliable measurement of cation transfers.
The fact that manipulation of the blood pressure by a series of dissimilar agents is accompanied by a general pattern of cation shifts is strong evidence for a causal association between the two phenomena. This conclusion is supported by the fact that dibenzyline pretreatment in the rat blocks both the blood pressure and cation response to norepinephrine (7).
Even though the two phenomena seem causally related it is not possible at present to state definitely which is cause and which effect. Certain facts make it likely, however, that the cation shifts are primary. a) We have frequently observed that the cation shift anticipates the blood pressure change. b) The relative movements of sodium, potassium, and water differ with each agent. If the shifts were caused by the blood pressure, the pattern could be expected to be constant. G) Extensive studies by Ussing and his group (8, 9) have shown that Pitressin and epinephrine cause the transfer of sodium and water in frog skin. Obviously, this is independent of contraction.
Accordingly, we consider that probably the transfers which we have observed trigger contraction of vascular smooth muscle. This effect might be on either the energy-yielding or on the contracting portions of the process or both.
The theory that peripheral vascular resistance depends on sodium transfer systems implies that any vasoactive agent acts through these systems. It also implies that there may be a general uniformity in the triggering mechanisms for all types of muscle, i.e., agents which cause contraction do so by their effects on cation transport. Obviously, the structural differences in the different muscle types require structural differences in the transport systems and thus in the agents which affect them. This conceDt would PO a long wav towards explaining the overlapping activities of agents which affect contractile processes; often these affect mainly one type of contracting tissue while still being capable of affecting other types to a lesser degree. The literature gives strong support to this unified concept. This theory implies, as we have stated before (IO) , that chronic hypotension and hypertension reflect changes in cation transport as a final common pathway.
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